Paper electrophoresis and paper chromatography were recently combined under conditions which resulted in a two-dimensional "mapping" procedure for the separation and determination of oligonucleotides. I This system provides the means to extend previous chemical studies2-4 on mutant strains of tobacco mosaic virus (TMV). The proposed approach is to subject the ribonucleic acid (RNA) of each strain to the action of pancreatic ribonuclease (RNase), and then to separate and analyze the nucleotide and oligonucleotide fragments. Owing to the known specificity of action of RNase, the nature and quantity of the various products obtained by its action provide a clue to the sequential arrangement of nucleotides in the original polynucleotide chains. A similar approach has already been used with strains of TMV,3 4 but the higher resolution of the mapping procedure applied in the present instance allows the comparison of strains to be made in considerably greater detail. We are reporting here the results of such extensive analyses of the RNase digests of the nucleic acids from ordinary TMV and from the M and HR strains.
ml, held in a tightly stoppered volumetric flask for 24 hr at room temperature, and the optical density (D) at 260 mg determined directly. This was done in duplicate, and the same 25 X micropipet used throughout.
This procedure provided a uniform basis for comparing the strains, since they have essentially identical proportions of nucleotides.2 To obtain the weight of RNA represented by the D260 mn of the alkaline hydrolyzate, a common factor was used which was obtained as follows. The D260 mp was calculated for an alkaline solution containing ribonucleotides in the proportions listed by Knight2 using the extinction coefficients of Beaven et al. 10 for these nucleotides at pH 12. Corrections were then made on the basis of the experimentally determined change in D260 m, when each of the nucleotides was taken from pH 12 to pH 14. Thus, the D260mM Of 1 mg/ml of TMV-RNA hydrolyzate in N KOH was found to be 32.53. All optical measurements were made with a Beckman DU spectrophotometer. The weights of RNA obtained from spectrophotometric readings on the alkaline digests and use of the factor just given were found to agree within 6 per cent with the weights of RNA calculated from spectrophotometer readings at 258 mA and use of the relationship D258 of RNA at 1 mg/ml = 25.
Mapping of Ribonuclease Digests of Viral RNA.-At the completion of enzymatic action, 0.5 ml aliquots (equivalent to 2.5-3.5 mg of RNA) of the digest were slowly applied to Whatman 3 MM papers with an Ostwald-Folin pipet and "mapped" as previously described.' In the present experiments three electrophoresis boxes were used simultaneously, so that an RNA digest could be mapped in duplicate and a blank paper run in the third box. After the maps were obtained, contact prints were prepared from them according to the method of Smith and Allen."
Qualitative and Quantitative Determination of the Nucleotides and Oligonucleotides. Identification of the spots on the maps was by comparison of positions with the spots on a standard map on which the compounds had been identified. ' For quantitative analysis the mono-and oligonucleotide spots were located under ultraviolet light, marked, cut out, and eluted with 0.01 N HC1 by shaking 3-6 hr. Equivalent areas from the blank map were eluted simultaneously. The insoluble residue,' that is, the material still found in the electrophoresis band after the completion of the paper chromatography step, was eluted with N KOH for 24 hr at room temperature and its D260 mIu value was read against that from a similarly treated blank. The amount of optical density thus recovered was compared with that applied to the paper, the latter value having been obtained from the alkaline hydrolyzate of an aliquot of the RNA digest (see above). The ratios of the constituent bases in the insoluble residue were determined by paper electrophoresis,'2 as described previously.'
Results.-When the RNA of each strain was digested with RNase under two sets of conditions, namely, 23°for 6-8 hr and 370 for 24 hr, it was found that essentially the same amounts of the compounds U, GU, and AU'3 were released.
From this it was concluded that at the enzyme-substrate ratios used the RNase digestion was complete after about 6 hr at 230. Therefore, these conditions were employed in most instances during this investigation. Table 1 gives an indication of the distribution with respect to solubility in the mapping solvents of the products eluted from maps of the RNase digests of TMV, M, and HR nucleic acids. In calculating the amounts of the soluble oligonucleotides isolated, the theoretical extinction coefficients were employed. Since this procedure does not allow for the hypochromic state of the oligonucleotides, their actual recovery is higher than the 61 per cent of total D260 mA indicated in Table 1 . Figure 1 . The amounts of the oligonucleotides were obtained by use of calculated extinction coefficients, as described in the text, without allowance for hypochromicity. The actual recovery of the oligonucleotide fraction is thus better than indicated here.
$ The experiments were done in triplicate and the results averaged. For a definition of the "insoluble residue" and for a description of the elution procedure see text.
About 25-30 per cent of the total D260 mM fractionated was recovered in the form of an "insoluble residue," the purine/pyrimidine ratio of which was found to be about 4.5/1. This ratio was found to increase with the length of time allowed for development of the maps in the paper chromatography step, and is apparently due to the gradual downward movement of smaller purine-rich oligonucleotides which trail in the solvent employed in this procedure.
In previous studies' with RNase digests of TMV-RNA, it was found that all of the discrete spots on the map represent single compounds, or mixtures of structural isomers, such as AGU-GAU. In the case of AGU-GAU and AGC-GAC, these groups of isomers were quantitatively resolved by an additional paper chromatography step with 30 per cent buffered ammonium sulfate. The other groups of structural isomers ( Table 2 , fractions 16-19) were not fractionated. The pentanucleotides (A3G)U and (A2G2)U (Fig. 1) were not present in amounts sufficient for direct determination by elution from a single map.
Contact print maps of the RNase digestion products of each of the three strains are shown in Figures 1-3 . It can be seen that the three maps are very similar in number and location of spots. It was concluded that the spots on maps of M and HR contained the same compounds as comparable spots on maps of TMV-RNA' since they exhibited the same ultraviolet absorption ratios for 250/260, 280/260, 290/260 mu4 at pH 2, 7, and 12. The amounts of each nucleotide and polynucleotide were calculated from the D260 mAs values as described in Methods.
The average values thus obtained are presented in Table 2 . It will be noted that any differences between the values for M and TMV are very small and probably withilr experimental error. However, several striking differences in values are apparent when the figures for HR are compared with those for TMV and M.
Discussion.-It is now commonly held that nucleic acid alone is the genetic material of viruses. In this concept, the nucleic acid owes its specificity to the sequential arrangement of the nucleotides in the polynucleotide chain. Strains of TMV should constitute ideal material with which to verify the detailed chemical basis of such postulated genetic specificity, for there are many strains of TMV with characteristic biological and chemical properties, and it is relatively easy to get substantial quantities of highly purified preparations. However, there is at present no way to determine long polynucleotide sequences in a stepwise fashion, and the RNA of TMV seems to be a chain-like molecule of about 6,500 nucleotides. Fortunately, the great specificity of RNase provides a series of nucleotides and oligonucleotides whose nature and quantity in the digests must reflect to a considerable degree the nucleotide sequences in the original polynucleotide chain. Hence, if a reliable process is available for separating the oligonucleotide fragments 6. after RNase action, much information on nucleic acid structure can be obtained even though a complete sequence is not determined. We feel that the mapping procedure as described here is such a process. The next step is to attempt to correlate such analytical data with other properties of the virus. This cannot yet be done in specific detail, but it can be done in a general way, as follows:
The specific action of TMV nucleic acid is presumably manifested in one or both of two ways: (1) in the chemical nature (that is, in amino acid sequences) of the protein with which the nucleic acid is normally combined, and (2) in the symptoms which the virus causes in susceptible hosts.
The protein components of TMV and M are so similar that no significant difference between them in composition or amino acid sequence has yet been observed.7 In contrast, HR protein differs in numerous ways from TMV and M proteins, although it shares common amino-and carboxyl-terminal features.' The three strains all differ from one another, as described above, with respect to symptoms which they cause in Turkish tobacco. Turning now to the nucleic acids, the results summarized in Table 2 differences between TMV and HR nucleic acids in the frequencies with which certain oligonucleotide sequences appear. On the other hand, no positively significant differences of this sort are found between TMV and M nucleic acids. We do not interpret the latter as meaning that there are no differences between TMV and M in nucleotide sequence; the mapping procedure is neither complete enough nor accurate enough to warrant such a conclusion. However, it is clear that TMV and M nucleic acids must be very similar in structure, whereas it is equally apparent that HR nucleic acid must differ from the others in a number of sequences. These results in general are consistent with the postulate that the protein structure of a virus reflects the nucleotide sequences of its nucleic acid (or vice versa), but the comparison of M and TMV provides no basis yet for the different disease symptoms shown by these strains. The many similarities of the strain nucleic acids inferable from the data of Table   2 are perhaps as noteworthy as the differences. It is particularly interesting that the nucleic acids of all three strains yield essentially identical amounts of uridylic and cytidylic acids when treated with RNase. This must mean, on the basis of the known specificity of pancreatic RNase, that these strains contain clusters of pyrimidine nucleotides in essentially identical frequencies.
The present results confirm the three similarities and, qualitatively, two of the three -differences between TMV and HR nucleic acids previously reported.4 To this we can add about eight new differences between TMV and HR, as shown in Table 2 , thus providing extensive chemical evidence for altered nucleotide sequences to match the distinct biological properties and protein structures of TMV and HR.
A similarity between TAIV and Ml nucleic acids with respect to quantities of AU and GCU released by RNase was recently noted,'5 and this was also observed by us; but none of the four previously reported differences between TMV and M nucleic acids was confirmed, iiicluding the claim that coiisiderably larger amounts of C and U are released from M than from TMV.'6 As shown in Table 2, TMV and M were qualitatively and quantitatively indistinguishable in the twenty fractions examined. The only explanation we can offer at present for the divergencies between the earlier results and the present ones is that the mapping procedure is probably a more discriminating tool than the methods used before. In the mapping procedure, but not in the previously employed analyses of strain nucleic acids, it is possible to make comparative summations of the components in the various oligonucleotides differing in quantity and hence verify the analytical results. In other wodif TMV has more AAU than HR, HR must have more A and U in some other sequences to compensate for it. This is actually found to be the case when such summations are applied to the 10 points of difference between TMV and HR listed in Table 2 . Another example of the efficiency of the mapping procedure is its demonstration of the presence of large amounts of the dinucleotide GC (see Figs. 1-3 and Table 2 ) which had been reported missing from RNase digests of TMV, M, and HR nucleic acids.4' "I Also, such RNase digests were previously claimed to have large amounts of AGO,15 whereas the fraction labeled AGO by Reddi' 5 is shown by the mapping procedure, and an additional chromatography step as described above, to be a composite of GO, AGC, and GAO. Summary.-The nucleic acids of three strains of tobacco mosaic virus were digested with pancreatic ribonuclease and the resulting products were separated
